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ABSTRACT Candida albicans is among the most common human fungal pathogens,
causing a broad range of infections, including life-threatening systemic infections.
The cell wall of C. albicans is the interface between the fungus and the innate im-
mune system. The cell wall is composed of an outer layer enriched in mannosylated
glycoproteins (mannan) and an inner layer enriched in �-(1,3)-glucan and chitin. De-
tection of C. albicans by Dectin-1, a C-type signaling lectin specific for �-(1,3)-glucan,
is important for the innate immune system to recognize systemic fungal infections.
Increased exposure of �-(1,3)-glucan to the immune system occurs when the man-
nan layer is altered or removed in a process called unmasking. Nanoscale changes
to the cell wall during unmasking were explored in live cells with atomic force mi-
croscopy (AFM). Two mutants, the cho1Δ/Δ and kre5Δ/Δ mutants, were selected as
representatives that exhibit modest and strong unmasking, respectively. Compari-
sons of the cho1Δ/Δ and kre5Δ/Δ mutants to the wild type reveal morphological
changes in their cell walls that correlate with decreases in cell wall elasticity. In addi-
tion, AFM tips functionalized with Dectin-1 revealed that the forces of binding of
Dectin-1 to all of the strains were similar, but the frequency of binding was highest
for the kre5Δ/Δ mutant, decreased for the cho1Δ/Δ mutant, and rare for the wild
type. These data show that nanoscale changes in surface topology are correlated
with increased Dectin-1 adhesion and decreased cell wall elasticity. AFM, using tips
functionalized with immunologically relevant molecules, can map epitopes of the
cell wall and increase our understanding of pathogen recognition by the immune
system.
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The polymorphic, commensal yeast Candida albicans is one of the most prevalent
fungal pathogens infecting humans. It can infect a broad range of tissues, including

skin, mucus membranes, and gastrointestinal and urogenital tracts, and it can also
cause life-threatening systemic infections (1, 2). C. albicans presents serious medical
challenges, especially for immunocompromised patients, including those with HIV
infections, being treated with corticosteroids, undergoing cancer chemotherapy, or
having organ transplants. The most serious of these infections are systemic blood-
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stream infections, and they can have a mortality rate of 40 to 60% (3–5). Although
bacteria are the predominant microorganisms, Candida species have emerged as one
of the leading causes of hospital-acquired infections and are responsible for 80% of all
nosocomial infections caused by fungi (6). Most drugs used to treat systemic fungal
infections fall into three classes. The azoles inhibit the synthesis of the essential lipid
ergosterol, and the polyene amphotericin B interacts directly with ergosterol to dam-
age the cell membrane (7). The echinocandins inhibit the synthesis of the essential cell
wall polymer �-(1,3)-glucan (8). However, antifungal resistance is limiting the effective-
ness of both azoles and echinocandins (9–11), and toxicity from treatment with
amphotericin B can be a serious problem for patients (12). The development of new
antifungal drugs is urgently needed (13–15).

One promising avenue for the development of antifungal therapies is to improve
the innate immune system’s recognition of the pathogen. A healthy immune system
can respond effectively to C. albicans (16), so enhancement of the immune response in
immunocompromised patients can potentially be a powerful therapy (17, 18). This
requires a comprehensive understanding of the interactions between C. albicans and
the human immune system, particularly in the early stages of infection. The C. albicans
cell wall consists primarily of polysaccharides and can be divided into three compo-
nents (Fig. 1A) (19–21). The outer surface layer is enriched in mannose polysaccharides
linked to protein to form a mannoprotein barrier (mannan) that acts as a filter for
high-molecular-weight materials. The inner layer consists mostly of the glucose poly-
saccharide �-(1,3)-glucan and a minor amount of �-(1,6)-glucan, which is important
for cross-linking other components of the wall. In addition to the glucan polymers,
the inner layer contains a small but crucial amount of chitin, a linear �-(1,4)-linked
N-acetylglucosamine polymer.

Macrophages recognize Candida through fungus-specific pathogen-associated mo-
lecular patterns (PAMPs) such as �-(1,3)-glucan. The Dectin-1 receptor on macrophages
specifically recognizes and binds �-(1,3)-glucan and is part of the mechanism by which
these first-responder cells detect fungi (23). Increased exposure of �-(1,3)-glucan to the

FIG 1 Schematic of AFM ligand-receptor interactions during unmasking of �-(1,3)-glucan. In these cartoons, the AFM tip has been
functionalized by attaching Dectin-1 to the cantilever tip. Dectin-1 can access the �-(1,3)-glucan layer if the mannan layer is disturbed.
(A) In untreated wild-type cells, the wall consists of two main layers, with mannan in the outer layer and �-(1,3)-glucan and chitin in
the inner layer. As the cantilever, with Dectin-1 attached, approaches the cell wall surface of wild-type cells, it rarely interacts with
�-(1,3)-glucan due to the overlying mannan layer. Therefore, the cantilever approaches the surface of the cell, touches the surface, and
withdraws without making contact with the �-(1,3)-glucan layer. (B) In cells where �-(1,3)-glucan is more exposed through the mannan
layer, the cantilever, with Dectin-1 attached, contacts the �-(1,3)-glucan (1). As the cantilever begins to withdraw, strain appears on
the cantilever, and the cantilever bends (2). As the cantilever continues to be withdrawn, the applied force builds until the adhesion
is ruptured, and the cantilever snaps off the surface (3).
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immune system can occur when the mannan layer in the cell wall is altered or removed
by mutations or antifungal drugs such as caspofungin. This “unmasking” can lead to an
increase in Dectin-1 binding and thereby can improve macrophage recognition (Fig. 1)
(24, 25). It is therefore possible that the development of approaches that increase
unmasking in vivo might enhance immune responses and facilitate adjunctive thera-
pies.

An understanding of unmasking at the nanoscale level is needed to elucidate this
process, and this is at an early stage. Recently, Lin et al. examined the �-(1,3)-glucan
distribution during caspofungin-mediated unmasking using direct stochastic optical
reconstruction microscopy (dSTORM). This study revealed that when fluorescently
labeled soluble Dectin-1 binding probes were used to detect unmasked �-glucan,
single- and multiple-point exposure sites were observed (26). However, the size and
frequency of multiple-point sites increased during caspofungin-induced unmasking,
and the frequency of single-point sites also increased. This nanoscale analysis was
performed at a �20-nm precision. The dSTORM approach yielded a nanoscale descrip-
tion of unmasking points and revealed patterns of �-glucan exposure. However, these
studies do not show the distribution of the rest of the cell wall polymers relative to
�-glucan.

Complementary studies of the effects of caspofungin on cell wall ultrastructure have
been performed by using atomic force microscopy (AFM) and reveal the three-
dimensional topology of the wall along with effects on the physical properties of the
wall such as elasticity (27–29). By pressing the cantilever tip against the surface of the
cell, differences in both surface elasticity (30–33) and indentation (34, 35) can be
measured. Previous studies reported that wild-type C. albicans cells treated with
caspofungin have decreased surface elasticity (Young’s modulus) compared to that of
untreated cells (29). However, other work has shown that surface elasticity is increased
compared to that of wild-type cells following treatment with caspofungin (36). Thus,
there is some controversy regarding how caspofungin impacts cell wall elasticity. An
open question is whether other conditions that cause unmasking, such as cell wall
mutations, will cause effects similar to those of caspofungin or differ in some respects.

In addition to measuring changes in surface topology and elasticity, AFM can also
spatially identify and measure molecular adhesion between a probe attached to the tip
of the cantilever and a cell surface (37–41). Previous studies employing Saccharomyces
cerevisiae cells expressing the C. albicans adhesion protein Als5p attached to the AFM
cantilever measured adhesion events on hydrophobic and fibronectin-coated sub-
strates (42). In a similar experiment, antibodies to the adhesion protein Als5p attached
to the cantilever tip were used to bind to an Als5p adhesion protein on the surface of
C. albicans and initiate force-induced nanodomains over the entire cell surface (43). In
addition, multiple lectins and antibodies were used on functionalized AFM tips to
examine the flexibility of outer cell wall mannan polymers and inner cell wall glucan
and chitin polymers in C. albicans, Candida glabrata, and S. cerevisiae as well as to
compare adhesins and mannans in C. albicans yeast cells and hyphae (44, 45). Further-
more, functionalized AFM tips have been used to characterize the manner in which
macrophages bind to C. albicans cells. Binding was shown to depend on mannose
binding lectins from macrophages, although the precise lectins and their contributions
were not identified, and binding is impacted by the flexible nature of the macrophage
membrane (46).

In this study, we employ several mutants with various levels of unmasking, along
with AFM, to interrogate the impact of �-glucan exposure on nanoscale topology and
cell wall elasticity, as well as the distribution of �-glucan exposure, as seen with a
Dectin-1-functionalized AFM probe. We also measure the forces of binding of Dectin-1
to masked versus unmasked �-(1,3)-glucan. We examine the cell wall topography in the
wild type and in two mutants, the cho1Δ/Δ and kre5Δ/Δ mutants, that exhibit unmask-
ing. The cho1Δ/Δ strain is a phosphatidylserine (PS) synthase mutant that exhibits
increased chitin levels and a modest level of �-(1,3)-glucan unmasking that occurs in a
punctate pattern (25, 47). The kre5Δ/Δ mutant exhibits stronger defects in cell wall
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composition than the cho1Δ/Δ mutant, including increased chitin and �-(1,3)-glucan
and decreased �-(1, 6)-glucan and mannan levels and stronger unmasking (24, 48, 49).
We also compared these mutants to wild-type cells treated with caspofungin such that
they were unmasked, and they exhibited increased �-(1,3)-glucan exposure.

RESULTS
Exposure of �-(1,3)-glucan on the cell surface of C. albicans. In order to further

characterize the nanoscale effects of unmasking on the cell wall architecture, we chose
to analyze two mutants that exhibit differential defects in cell wall structure and
microscopic unmasking patterns. First, we chose the kre5Δ/Δ mutant, because it
exhibits extensive defects in cell wall composition, including increased chitin and
�-(1,3)-glucan and decreased mannan and �-(1,6)-glucan levels, and appears to have
�-(1,3)-glucan unmasking over the whole cell (24, 48, 49). Second, for contrast, we
chose the cho1Δ/Δ PS synthase mutant, which also exhibits �-(1,3)-glucan exposure,
but only in punctate regions around yeast-form cells (25). Additionally, this mutant
does not have gross alterations in all cell wall polymers, like the kre5Δ/Δ mutant. Only
its cell wall chitin level is increased, whereas the levels of other cell wall polymers,
�-(1,3)-glucan, �-(1,6) glucan, and mannan, are unchanged (data not shown) (47). Both
mutants exhibit increased recognition by macrophages, as evidenced by greater bind-
ing with anti-�-(1,3)-glucan antibodies and soluble Dectin-1 (sDectin-1) as well as
increased elicitation of tumor necrosis factor alpha (TNF-�) from macrophages (24, 25).

We first directly compared the patterns of unmasking of the wild-type (SC5314),
kre5Δ/Δ, and cho1Δ/Δ strains using secondary immunofluorescence with a �-(1,3)-
glucan-specific primary antibody (Fig. 2). As expected, the kre5Δ/Δ mutant exhibits
whole-cell unmasking (Fig. 2A) that is quantitatively greater than that of the cho1Δ/Δ
mutant (Fig. 2B). The cho1Δ/Δ mutant exhibits punctate regions of unmasking (Fig. 2A),

FIG 2 �-(1,3)-Glucan exposure and chitin levels are increased in cho1Δ/Δ, kre5Δ/Δ, and caspofungin-treated wild-type (WT)
cells compared to those in untreated wild-type cells. (A) Cells were stained with anti-�-(1,3)-glucan primary antibodies,
Cy3-labeled secondary antibodies, and calcofluor white (CFW). Three biological replicates were carried out for all experiments.
(B) Graph of the relative mean fluorescent intensity of each strain, as quantified by Image J. These data reveal that kre5Δ/Δ
mutant cells, caspofungin (cas)-treated cells, and cho1Δ/Δ mutant cells have greater exposure of �-(1,3)-glucan and higher
levels of chitin than the wild type (*, P � 0.0001; ø, P � 0.0026).
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and this is significantly greater than the unmasking quantified for the wild type, but
significantly less than that for the kre5Δ/Δ mutant (Fig. 2B).

In addition to examining �-(1,3)-glucan exposure, we also examined the distribution
and levels of chitin by staining with calcofluor white (CFW). Both the cho1Δ/Δ and
kre5Δ/Δ mutants exhibited higher levels of chitin than those in wild-type cells (Fig. 2A).
In wild-type cells, CFW stains mainly the bud neck and bud scar, while the mutants
show major increases in chitin levels throughout the cell wall, and kre5Δ/Δ cell staining
is more pronounced than cho1Δ/Δ cell staining, based on both visual inspection (Fig.
2A) and quantification with ImageJ (Fig. 2B). Wild-type cells treated with caspofungin
exhibited increased �-(1,3)-glucan exposure and increased chitin levels that were
distributed over the whole cells, more similar to the kre5Δ/Δ mutant but of lower
intensity (Fig. 2A and B).

C. albicans cells were immobilized and imaged in liquid on mica coated with
different percentages of gelatin. In order to begin examining the ultrastructure of the
C. albicans cell wall, we used atomic force microscopy (AFM), as it gives high-resolution
images of the cell wall in a liquid environment without damaging the sample. This
allows real-time imaging of metabolically active samples (50–53). First, we needed to
immobilize the cells on a suitable surface. This was achieved by using gelatin-coated
mica surfaces. This positively charged surface was developed for imaging bacterial cells
in a liquid environment (52–54) and was extended here for mounting C. albicans cells.
In Fig. 3, the cells were immobilized on the surface of a mica sheet covered with various
percentages of gelatin (0.5 to 0.025%) and imaged in water. The cells are dispersed
uniformly, making it easier to detect cells and image them by AFM. A lower percentage
of gelatin (0.025%) was used, as it seemed to reduce the level of aggregation, which
was higher with higher percentages of gelatin (i.e., 0.1 to 0.5%) (51).

Cell wall unmasking correlates with increased cell surface roughness. Once
immobilization was achieved, we examined how the nanoscale topology of unmasked
mutants differs from that of the wild type using AFM in the deflection mode in water
(Fig. 4). The cell walls of both mutants appear rougher than that of the wild type
(SC5314), which appears smooth. The CAF2 strain, which is closely related to the
background strain of the kre5Δ/Δ mutant (48), was also examined by AFM and is similar
to SC5314, so all studies reported herein discuss SC5314 as the reference wild-type
strain. Of the two mutants, the kre5Δ/Δ mutant has the roughest appearance, followed
by the cho1Δ/Δ mutant, which has a rough appearance in specific regions. Rough-
ness can be quantified (Fig. 4, black trace below each image) and expressed as the
root mean square (RMS) surface roughness, which was 34.35 � 5.81 nm for the
kre5Δ/Δ strain, 29.67 � 3.21 nm for the cho1Δ/Δ strain, and 8.21 � 2.028 nm for
the wild type. The increased rough areas in cho1Δ/Δ mutant cells are more sporadic,
which may correlate with the punctate unmasking in this mutant (Fig. 2). The rough
appearance in these two mutants was similar to that found in wild-type cells that

FIG 3 Immobilization of C. albicans cells onto mica surfaces coated with a solution containing different
percentages of gelatin. Mica sheets were first coated with gelatin (0.5 to 0.025%) and allowed to dry
overnight. Next, 100 �l (�1 � 104 cells/ml) of Candida albicans cells in sodium acetate buffer was
pipetted onto the gelatin-coated mica sheet. After 5 min of incubation, the surfaces were washed with
water and placed into the AFM instrument for imaging in distilled water.
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were treated with caspofungin (Fig. 4). The RMS surface roughness of caspofungin-
treated wild-type cells was 39.5 � 6.91 nm.

The cell walls of the kre5�/� and cho1�/� mutants exhibit decreased elastic-
ity. The increased roughness of the cell wall was hypothesized to correlate with
changes in cell wall elasticity. To test this, force volume maps, across a 2-�m2 area on
the top of the cell, were recorded to assess cell wall elasticity. Each map contains an
array of 32-by-32 points, with each point being an average of 3 force curves.

These data were then converted to elasticity and indentation measurements by
PicoPlus AFM software to determine Young’s modulus for all three strains. Young’s
modulus measures the ability of the material to undergo stress and strain. Lower
Young’s modulus values indicate increased elasticity. As a control, caspofungin-treated
cells were also tested because this drug inhibits the synthesis of cell wall �-(1,3)-glucan
and causes unmasking of �-(1,3)-glucan and increased roughness (Fig. 4) (27, 29). The
results of these experiments are shown in Fig. 5A, where the x axis records the Young’s
modulus and the y axis displays the elasticity distribution. The wild type has a Young’s
modulus value of �9 � 104 Pa, whereas strains affected by cho1Δ/Δ or kre5Δ/Δ
mutations or caspofungin (wild type) have Young’s moduli that increase to �5 � 105

Pa, �8 � 105 Pa, or �8.2 � 105 Pa, respectively (Fig. 5A). Therefore, the cell walls of
these strains are less elastic than those of untreated wild-type cells.

Figure 5C shows a heat map of the 32-by-32 point display of the 2-�m2 cell surface,
where the transition from green to orange-red corresponds to an increase in Young’s
modulus. It is evident from this that Young’s modulus for the wild type is lower than
that for either of the two mutants or the wild type treated with caspofungin. Thus,
these cell wall stresses result in decreased elasticity (increased stiffness).

A property closely related to Young’s modulus is indentation, which measures the
depth that the AFM tip can press into the cell wall. Cells with larger indentations exhibit
greater elasticity. Like Young’s modulus, indentation measurements indicated that
wild-type cells are more elastic than cells of the two mutants or caspofungin-treated
cells (Fig. 5B). Nanoindentation measurements were performed on a 2-�m2 area by
recording force curves on 32-by-32 point displays for 10 different cells (n � 10).
Statistical evaluation of the results by using PicoView 1.20 software shows that the
indentation depth for the wild-type cell surface is larger (�7 � 102 nm � 34.16 nm)
than the indentation depths for the surfaces of kre5Δ/Δ mutant (�3 � 102 nm � 31.02
nm), cho1Δ/Δ mutant (�2 � 102 nm � 33.04 nm), and caspofungin-treated (�6 � 102

FIG 4 Topographic 2- by 2-�m images of the cell wall surface of C. albicans wild-type cells with or without caspofungin treatment and cho1Δ/Δ and kre5Δ/Δ
mutant cells. Cells were mounted onto gelatin-coated mica and imaged in water in contact mode with cantilevers having spring constants of 0.01 or 0.03 N/m
by using a 5500 PicoPlus AFM instrument. PicoPlus AFM software was used to measure surface roughness, which is shown in the plot below each corresponding
image. The plot for each strain was the average from measurements made for 30 cells.
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nm � 72.61) cells (Fig. 5B). Thus, all the conditions tested here led to decreased
elasticity compared to that of the wild type. Compared to the other conditions tested,
the kre5Δ/Δ mutant exhibited a broader distribution of elasticity, suggesting that it has
a more uneven and perhaps a more disturbed surface.

The unmasked mutants show nanoscale increases in Dectin-1 binding. As
indicated above, AFM images and measurements of elasticity and indentation show
that the kre5Δ/Δ and cho1Δ/Δ mutants have disorganized cell walls that lead to
distinguishable physical properties. We wanted to analyze the nanoscale spatial orga-
nization of the immunologically relevant PAMP �-(1,3)-glucan in the cell walls of
unmasked mutant cells. Therefore, AFM tips were functionalized with sDectin-1–Fc (the
design of this experiment is represented in Fig. 1). This C-type signaling lectin is specific
for �-(1,3)-glucan, and therefore, adhesion force measurements using Dectin-1-
functionalized AFM tips can reveal the presence and nanoscale distribution of exposed
�-(1,3)-glucan in wild-type, mutant, and caspofungin-treated cells.

By using the sDectin-1–Fc-functionalized AFM tip to measure the nanoscale distri-
bution of adhesion forces, an adhesion force volume map was generated for a 32- by
32-pixel array of a 2- by 2-�m sample area on the surface of C. albicans. Wild-type cells
with or without caspofungin treatment and cho1Δ/Δ and kre5Δ/Δ mutant cells were
measured in this manner. As a control, we measured adhesion between the gelatin

FIG 5 Elasticity of cho1Δ/Δ, kre5Δ/Δ, and caspofungin-treated cells decreases compared to that of untreated wild-type cells. Force volume maps
of the surface of wild-type cells, cho1Δ/Δ and kre5Δ/Δ mutant cells, along with caspofungin-treated wild-type C. albicans cells were taken by
scanning a 2-�m2 area on the top of a cell and recording 32-by-32 points, with each point being the average of 3 force curves. These data were
converted into elasticity and indentation maps by using PicoPlus AFM software. (A) Percent distributions of Young’s modulus values correspond-
ing to the elasticity maps of the wild-type, cho1Δ/Δ, and kre5Δ/Δ strains along with caspofungin-treated cells. (B) Representative histogram of the
indentation values for the different strains and caspofungin-treated cells. (C) Heat map for the different strains and caspofungin-treated
cells. The color map indicates the modulus of elasticity (in pascals) using force curves generated at each point on the cell surface. The more
intense the red color, the less elastic (stiffer) the surface.
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surface and the functionalized tip, and there was no interaction, indicating that gelatin
did not interfere with this experiment. The heat map clearly shows a progression from
wild-type cells (blue-green), showing the lowest level of adhesion, to cho1Δ/Δ mutant
cells, showing intermediate adhesion (mixture of green, yellow, orange, and red), to
kre5Δ/Δ mutant and caspofungin-treated wild-type cells (mostly orange-red), showing
the most adhesion (Fig. 6A).

A histogram of the adhesion force frequency versus rupture strength was generated
for cells of the different C. albicans strains and caspofungin-treated wild-type cells.
Rupture strength, in this case, is the force required to break adhesion between the
Dectin-1-functionalized tips and �-(1,3)-glucan in the cell wall of the fungus (Fig. 6B).
There was some interaction between the Dectin-1-coated cantilever tip and the surface
of wild-type C. albicans cells, but it was less than that observed for the mutants. It is
likely that wild-type cells possess some gaps in the mannan layer or that the surface
coatings are dynamically organized, which leads to infrequent exposure of �-(1,3)-
glucan and subsequent interaction with the Dectin-1-coated tip. For the wild type, the
peak adhesion frequency was �1%, while the peak adhesion frequency for the cho1Δ/Δ
and kre5Δ/Δ mutants increased to �8% and �11%, respectively. The peak adhesion
frequency for caspofungin-treated cells was �10%. These values indicate that the
frequency with which the tip interacts with the �-(1,3)-glucan surface is due to
increased exposure of the �-(1,3)-glucan layer.

Peak adhesion rupture strengths of wild-type, cho1Δ/Δ mutant, and caspofungin-
treated cells are all about the same, which indicates that the same target molecule,
�-(1,3)-glucan, is being recognized, but the frequency is higher during unmasking.
However, for the kre5Δ/Δ mutant, the peak adhesion rupture strength is lower. The
kre5Δ/Δ mutant has diminished �-(1,6)-glucan synthesis (48); �-(1,6)-glucan serves as a
cross-linker for the �-(1,3)-glucan layer, and lower cross-linking may affect the structure
of the �-(1,3)-glucan layer and subsequently the force required to rupture adhesion.

FIG 6 Adhesion force volume maps using Dectin-1-coated cantilevers recorded on wild-type (SC5314), cho1Δ/Δ, kre5Δ/Δ, and caspofungin-treated wild-type
cells. (A) The heat map force curves recorded on the surfaces of cells of the wild-type strain show low-frequency adhesion to the surface of the cell. Force curves
collected on kre5Δ/Δ, cho1Δ/Δ, and caspofungin-treated cell surfaces indicate higher-frequency adhesion between the cell surface and the tip. Increased
adhesion is indicated by the progression from blue and green to orange and red. (B) Corresponding histograms of the force curves between a Dectin-1-
functionalized tip and �-(1,3)-glucan on the surface of wild-type, kre5Δ/Δ, cho1Δ/Δ, and caspofungin-treated cells. The histogram data are derived from 4,096
force curves for each of the surfaces tested. In order to show that the interaction of Dectin-1 on the tip is specific for �-(1,3)-glucan on the surface of
the mutants (kre5Δ/Δ or cho1Δ/Δ), soluble �-(1,3)-glucan (laminarin) was injected into the medium. This treatment blocks the Dectin-1 bound to the tip
and prevents tip adhesion to the cell surface (purple line).
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In control experiments to show that the binding of the functionalized tip to the cell
surfaces is dependent on sDectin-1–Fc, soluble �-(1,3)-glucan (laminarin) was added to
the imaging buffer. The solid purple line in Fig. 6B shows that the sDectin-1–Fc-coated
tip is effectively blocked by laminarin, so no interaction between the tip and the cell
surface occurs under these conditions. Thus, the force curves are due only to Dectin-
1-dependent adhesion to �-(1,3)-glucan on the cell surface.

DISCUSSION

This study presents a nanoscale map of �-(1,3)-glucan epitope exposure and cell
wall morphology in mutants that exhibit unmasking, using AFM. Features common to
both mutants, in addition to the increased �-(1,3)-glucan exposure (Fig. 2), are in-
creased overall surface roughness (Fig. 4) and decreased elasticity (Fig. 5). It was of
interest to notice that the pattern of �-(1,3)-glucan exposure in the cho1Δ/Δ mutant,
which was punctate in appearance, correlated with intermittent regions of surface
roughness (Fig. 4). Furthermore, the kre5Δ/Δ mutant, which has global �-(1,3)-glucan
exposure, had a more uniform increase in surface roughness.

Furthermore, the appearance of these rough places on the wall is similar to those of
rough places generated by caspofungin in our work (Fig. 4) and those described
previously by El-Kirat-Chatel and Dufrene (27) and Formosa et al. (29). In addition, we
also observed that our mutants exhibited decreased elasticity, which again is similar to
what was observed for caspofungin treatment by Formosa et al. (29). However, this
finding contrasts with what was observed by El-Kirat-Chatel and Dufrene (27). We do
not fully understand the reasons for these contradictory results. We suspect that in the
study by El-Kirat-Chatel and Dufrene (27), the deformation of the cell that they
observed indicates that the cell wall was being more heavily damaged than in our
study, and as a result, elasticity was decreased because of a loss of structural integrity.
In our case, we were attempting to use sublethal doses of caspofungin and observed
a loss of elasticity. We think that our results showing a decreased elasticity of the wall
reveal what happens during sublethal treatment that causes increased chitin synthesis
and unmasking. We were ostensibly using the same concentrations of caspofungin as
those used by El-Kirat-Chatel and Dufrene (27), so the precise reasons for such a
difference remain unclear.

Previous work (55) indicated that a loss of chitin leads to increased elasticity and that
an increased chitin level has the opposite effect. Both mutants analyzed in this study
also show increased chitin levels (Fig. 2) (47–49). It is of interest to determine if the
enhanced surface roughness observed in this study is caused by increased chitin levels.
One can envision a model in which increased chitin synthesis deforms the overall
structure of the wall, creating bulges that result in increases in surface roughness. This
leads to other questions. Do these bulges influence unmasking and/or how well
mutants are detected by the immune system? Observations of unmasking using
dSTORM revealed clusters of unmasking foci (26). Do the regions of clustered �-(1,3)-
glucan exposure revealed by dSTORM correlate with peaks of roughness in the cell wall
observed by AFM? How often does surface roughness correlate with unmasking, and
does this impact the exposure of epitopes to the immune system in unique ways?
Again, this will be better addressed by expanding this analysis to study additional
mutants and strains.

In addition to these topological observations of the wall, a functionalized AFM tip
was used to measure the specific binding force between Dectin-1 and �-(1,3)-glucan
residues on the surface of living C. albicans mutant and wild-type cells. The binding
forces between the wild type and the mutants were very similar, but the frequencies of
binding of the functionalized tips to kre5Δ/Δ and cho1Δ/Δ mutant cells and wild-type
cells treated with caspofungin were higher than that for wild-type cells (Fig. 6). This
indicates that unmasking leads to greater frequencies of interactions rather than
increased binding strength. This also demonstrates a novel approach to mapping
surface epitopes by using immunologically relevant lectins.

Finally, in this study, we used gelatin-coated mica to immobilize cells, allowing a
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versatile approach to immobilization that can be expanded to other strains, morphol-
ogies, and functionalizations of the tip. In combination with other work on imaging and
immobilization of cells (28, 51, 56), our approach to analyzing interactions between
host lectins and pathogens using functionalized tips provides another method to
address nanoscale interactions in fungal immunology. Exposure of �-(1,3)-glucan plays
an important role in the detection of C. albicans by macrophage cells, and therapies to
enhance exposure could potentially aid in the control and elimination of C. albicans
infections. In addition, future efforts to identify site-specific molecular tags that, when
attached to the AFM cantilever, interact with the surface of C. albicans cells with
sufficient binding strength and frequency should be pursued. These tags conjugated
with antifungal agents would offer an additional approach for treating C. albicans
infections.

MATERIALS AND METHODS
Strains, growth media, and chemicals. C. albicans SC5314 (57), the cho1Δ/Δ mutant (47), and the

kre5Δ/Δ mutant (a green fluorescent protein [GFP]-expressing version of the kre5Δ/Δ mutant carrying the
ENO1::PENO1-EGFP-NATr plasmid, derived from KAH3 [48, 58]) were used throughout this study. For all
experiments, strains were grown overnight at 30°C in YPD (1% yeast extract, 2% peptone, and 2%
dextrose) medium under aerobic conditions, and the next day, the cells were diluted into fresh YPD
medium at an optical density at 600 nm (OD600) of 0.1 and grown for 3 h at 30°C. In some experiments,
wild-type cells were also treated with 50 ng/ml caspofungin (Merck, Kenilworth, NJ, USA) for 3 h before
imaging by AFM. Three biological replicates were carried out for all experiments. The following media
and chemicals were obtained from Sigma-Aldrich (St. Louis, MO): aminopropyltriethoxy silane
(APTES), trimethylamine, acid–polyethylene glycol 2500 (PEG 2500)–N-hydroxysuccinimide (NHS),
EDC [1-ethyl-3-(dimethylaminopropyl)carbodiimide], and sulfo-NHS (N-hydroxysulfosuccinimide).
The following media and chemicals were obtained from Thermo Fisher Scientific (Waltham, MA): MES
[2-(N-morpholino)ethanesulfonic acid], YPD, and bovine serum albumin (BSA). Calcofluor white
(CFW) was obtained from Fluka Analytical (catalog number 18909), sDectin-1–Fc was produced by Robert
Wheeler’s laboratory at the University of Maine, �-(1,3)-glucan antibody was obtained from Biosupplies
Australia Pty. Ltd., and goat anti-mouse antibody-Cy3 or horseradish peroxidase (HRP) was obtained from
Jackson ImmunoResearch Laboratories (West Grove, PA, USA).

Fluorescence microscopy to visualize �-(1,3)-glucan and chitin. We measured the distribution of
chitin and �-(1,3)-glucan on the cell surface using confocal microscopy. We used CFW for chitin staining,
and we used anti-�-(1,3)-glucan primary antibody and a goat anti-mouse-Cy3 secondary antibody for
staining of �-(1,3)-glucan exposed on the cell wall (25). For each experiment, the staining protocol was
identical across all samples, and all samples were imaged under identical conditions and on the same
day. Three biological replicates were carried out for all experiments. For fluorescence imaging of
�-glucan and chitin, C. albicans strains were grown overnight in YPD medium at 30°C. The next day, cells
were inoculated at an OD600 of 0.1 into fresh YPD medium and grown for 3 more hours to reach log
phase. Cells were washed three times with PBS (phosphate-buffered saline) and blocked for 30 min with
PBS plus 3% BSA, after which they were incubated on ice with anti-�-(1,3)-glucan antibody at a 1:600
dilution for 90 min. After rigorous washing in PBS to remove unbound primary antibody, cells were
incubated with a secondary goat anti-mouse antibody conjugated to Cy3 in PBS plus 5% BSA at room
temperature for 20 min. Cells were washed in PBS again, and the pellet was resuspended in 500 �l of 0.01
mg/ml calcofluor white. The tubes were covered with aluminum foil and incubated on a rocker at room
temperature for 5 min. The cells were washed three times with 1 ml water and resuspended in 100 �l
water prior to observation under a confocal microscope. For an antibody negative control, only the
primary or secondary antibody was added. Finally, the fluorescence intensities were calculated for �32
individual cells/condition by using ImageJ software (NIH [http://rsb.info.nih.gov/ij]).

Preparation of cells for AFM. C. albicans cells were grown overnight in YPD medium at 30°C with
shaking at 250 rpm. The next day, the cells were diluted into fresh YPD medium and incubated at 30°C
with shaking at 250 rpm for 3 more hours. Cells in 1.5-ml aliquots were harvested in a microcentrifuge
at 5,000 rpm, resuspended, and washed 3 times with 10 ml sodium acetate buffer (29), and 100 �l of cells
in buffer (�1 � 104 cells/ml) was pipetted onto a freshly cleaved mica wafer coated with gelatin,
incubated for 5 min, rinsed in a stream of water, and mounted in the AFM wet cell prior to imaging in
water (54). The mica surfaces that we used were freshly cleaved by applying clear adhesive tape to each
surface and removing multiple layers until the surface appeared to be completely flat. A 0.5% gelatin
solution was prepared by dissolving 0.5 g of gelatin (porcine gelatin, catalog number G6144; Sigma-
Aldrich) in 100 ml of water that had been heated to boiling. Gelatin concentrations from 0.5% down to
0.025%, in water, worked well, so cells adhered to the surface and did not move during scanning.
Subsequently, the cleaved mica was dipped into a gelatin solution that was heated to 60°C and
withdrawn in a single motion. The mica was then placed edge down onto filter paper with the upper
edge leaning against a surface. After drying overnight, these gelatin surfaces were ready to use for at
least a month.

AFM imaging and force measurements. C. albicans cells grown in YPD medium and suspended in
sodium acetate buffer were centrifuged at 5,000 rpm in a microcentrifuge and rinsed 2 times in water.
After deposition onto a gelatin-coated mica surface and incubation for 5 min, the surface was rinsed with
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water and placed into the AFM wet cell. The cells were imaged in water by using a 5500 PicoPlus AFM
instrument (Keysight Technologies Inc., Santa Rosa, CA). The instrument was operated, using the
PicoView 1.20.2 system, in the contact mode for imaging using MLCT probes (Bruker AFM Probes,
Camarillo, CA) with either the C or D cantilever with spring constants of 0.01 or 0.03 N/m, respectively.
A tip radius of 10 nm and a Poisson ratio of 0.5 were placed into PicoView software and used to calculate
cell elasticity and indentation. The applied force was kept in a range of 3 to 5 nN for both imaging and
force spectroscopy. The same cantilever was used for obtaining force volume maps on the wild type and
both mutants (34). The force volume map was obtained over a 2- by 2-�m scan of the uppermost area
of the cell surface, with an average of six 32-by-32 force volume maps being collected for each sample.
Each of the 32-by-32 points of the force volume map is the average of 3 force curves. The data presented
are averages of data from three experiments. Images were taken at a line scan speed of 1 line per s with
either 256 or 512 pixels per line.

Measurements of elasticity (30–33) and indentation (34, 35, 59, 60) were performed on wild-type
(SC5314; CIA4), cho1Δ/Δ, and kre5Δ/Δ cells and on wild-type cells treated with caspofungin, as follows.
Prior to measurement of the elasticity of the cell surface, a force curve was generated on a mica sheet
covered with gelatin and used as the reference point. After imaging of a sample, force curves were
generated for each approach, and the slope of each curve was compared to the reference point to
calculate force distance curves and elasticity. The force distance curves were transformed into force
indentation by subtracting the cantilever deflection on a mica sheet. The same cantilever was used for
obtaining force volume maps on the wild type and both mutants (34, 61). This occurred over a 2- by
2-�m force volume scan of the uppermost area of the cell surface with an average of six 32-by-32 points
taken and with an average of 3 force curves per point collected for each sample. The data presented are
averages of data from three experiments.

Adhesion force between Dectin-1 bound to the cantilever and �-(1,3)-glucan on the cell
surface. For adhesion experiments (37–41), AFM tips were functionalized with sDectin-1–Fc to act as a
binding probe for interacting with the �-(1,3)-glucan layer on the C. albicans cell wall (23, 25). The
cantilevers were functionalized based on a protocol from Hermann Gruber, Johannes Kepler University.
Briefly, cantilevers were cleaned by rinsing in chloroform, dried with nitrogen gas, and placed into a
desiccator purged with argon gas containing 30 �l of APTES and 10 �l of triethylamine, in separate trays,
for 2 h to amino functionalize the cantilever tips. After removal of the trays, the desiccator was purged
with argon gas, and the tips were left for 2 days. Next, 1 mg of acid-PEG 2500-NHS was added to 0.5 ml
of chloroform in a tray and placed into the desiccator, and 30 �l trimethylamine was added to the tray
and mixed, followed by purging of the desiccator with argon gas and incubation for 2 h. For coupling
Dectin-1 to the acid-PEG 2500-functionalized cantilever tip, 0.4 mg of EDC and 1.1 mg of sulfo-NHS were
dissolved in 1 ml of 0.1 M MES buffer at pH 6.1. Droplets of EDC–sulfo-NHS were then placed onto
Parafilm, and cantilevers were placed in contact with the droplets for 15 min, followed by rinsing 4 times
in PBS. Dectin-1 was diluted to 5.6 � 109 particles per ml in PBS and, droplets were placed onto Parafilm.
Cantilevers were then placed in contact with the droplets for 2 h to functionalize the tips with Dectin-1,
rinsed 4 times in PBS, and stored in PBS. Force volume maps over a 2-by-2 area of cell surfaces were
collected as described above for obtaining elasticity and indentation measurements.
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